Abstract-This work presents a method to determine the surface temperature of micro-photonic medical implants like LEDs. Our inventive step is to use the photonic emitter (LED) employed in an implantable device as its own sensor and develop readout circuitry to determine the surface temperature of the device. There are two primary classes of applications where microphotonics could be used in implantable devices; optoelectrophysiology, and fluorescence sensing. In such scenarios, intense light needs to be delivered to the target. As blue wavelengths are scattered strongly in tissue, such delivery needs to be either via optic fibres, two-photon approaches, or through local emitters. In the latter case, as light emitters generate heat, there is the potential for probe surfaces to exceed the 2ºC regulatory. However, currently, there are no convenient mechanisms to monitor this in-situ. This paper, therefore, presents a method to measure the device surface temperature. The proposed sensing system has been designed in 0.35 m CMOS technology which mainly includes a second generation current conveyor and an amplifier to bias LED and measured the temperature sensitive parameter.
I. INTRODUCTION
Implantable devices are becoming increasingly important in clinical practice. Biosensors, pacemakers and prosthetics such as visual prosthesis [1, 2] may all utilise optoelectronics. These can be classified into two primary applications: optoelectrophysiology [3] and fluorescence sensing [4] . The former allows control and recording of electrical activity in tissue. The latter can be used to explore chemical changes in cells or their environment. All approaches in optogenetics require moderate to high-intensity irradiation [5] . The requirement for light delivery in close proximity to the stimulus target can be achieved by one of two methods: Light can be generated at some distance and then guided to the local position using optical confinement (e.g. optic fibre or waveguide) until the point of delivery [6] . Alternatively, light can be produced locally on a penetrating or otherwise implantable device incorporating a micro-photonic element [7] . The latter method is able to multiplex multiple electronic outputs leading to a small cable. As the light required for optogenetics is primarily blue and must be high radiance, Gallium Nitride light emitting diodes (LEDs) are the primary technology. High radiance micro-photonics for neural stimulation have been successfully demonstrated in planar high radiance arrays by Soltan et al. [8] and Berlinguer-Palmini et al. [9] .
In the case of micro-photonic generation close to the target, the key issue is the formation of localised hot spots close to the biomedical device surface. It was shown by Stujenske [10] in 2015 that high radiance light absorption from optic fibre emission can cause localised tissue heating. If the emission source is micro-photonic element, then there is additional potential for heating. McAlinden et al. in 2013 proposed from modelling that there could additionally be a few degrees in temperature rise depending on how the micro-photonic element is driven [11] . The current literature is not entirely clear on what long term effects could result from such temperature increase.
Different on-chip temperature sensors have been used to monitor human health for diseases diagnosis and treatment. The adaptive multi-sensor CMOS system proposed by Huang et al. [12] comprises different on-chip sensors including a temperature sensor which is using a pn junction to sense the body temperature. The low-cost CMOS thermal sensor chip for biomedical application presented by Lee et al. is also employing a pn junction as temperature sensing element [13] . The downside of using additional sensors is that they take additional surface space and need additional address architectures which may present difficulties to integration. Furthermore, it increases the complexity and thus cost of fabrication. Separate sensors for temperature sensing may cause a danger that failure in the sensor may provide inaccurate readings. By utilising the employed micro-photonic emitter in an implantable device as its own sensor, the continued functionality of the device is intrinsically linked to its self-diagnosis.
In this work, LED as microphotonic emitter is presented as its own sensor in medical devices where a readout circuitry is developed to bias and measure the temperature sensitive parameter (TSP). Fig. 1 shows a single penetrating active optoelectrode (optrode) and its general construction with inbuilt stimulation, recording circuits with a control logic unit [14] . Stimulation sites with micro/mini-LEDs for optical emission and electrical recording sites with microelectrodes are placed along the shaft. The main issue here is the localized heating effects at the device surface caused by the shining LEDs. The proposed sensor has been designed using 0.35 m standard CMOS technology which operates in antiphase with optical stimulation and senses the LED reverse current as temperature sensitive parameter. As the surface temperature of a probe heats up, the junction temperature will also increase. The charge carrier generation in diodes is temperature dependent. As such, if the junction temperature (which is a function of surface temperature) increases, there will be a corresponding change in the LED carrier generation. In forward bias, the LED current exponentially increases with voltage, and thus small changes in temperature are not perceptible. However, in reverse bias, currents are dominated by leakage processes across the diode. In this case, the effect of voltage is still an order of magnitude greater than the effect of temperature change, but if current can be measured at a very stable voltage, then junction temperature can be ascertained. The paper structure is as follows: Section II describes LEDs as a temperature sensor. The microelectronic structure of the sensor is explained in Section III. Section IV provides the experimental results, and Section V concludes the paper.
II. LEDS AS TEMPERATURE SENSOR
The operation of light emitting diodes is temperature dependant in both forward and reverse bias. However, the dynamic range of such effects reduces with increasing current, whereas large currents are required for light emission. As such, to utilise the LED to measure its own temperature, it is best operated at low currents. This is perhaps best performed in reverse bias where the variance of current with applied voltage is minimum.
Jung et al. [15] presented leakage current analysis of Gallium Nitride light emitting diodes in 2015. They showed that there were effectively 4 phases in the general conduction mechanism: Shunt resistance RSh, parasitic diode, main diode, and sheet resistance RS. The shunt resistance, which is responsible for the leakage has been presented as having two primary mechanisms: variable range hopping (<300K), and thermally-assisted multi-step tunnelling (>300K). This description was also supported independently by Shan et al [16] . For implantable systems, the base temperature would be expected to be 310K (i.e. 37 O C) which is therefore in the latter range. From the perspective of sensing, this means that reverse leakage current is strongly and nonlinearly dependent on both applied field and temperature. As such, to measure temperature accurately, the applied reverse voltage must be kept constant. Furthermore, the temperature dependence of the LED current is effectively dependent on the temperature quantum well junction. In contrast, from the perspective of the sensor, it is the temperature of the surface of the probe which is of interest.
III. MICROELECTRONIC ARCHITECTURE
A key issue with utilising the LED as a temperature sensor is that the current changes with both voltage and temperature. Therefore, a compact microcircuit can be developed to sense the reverse current at a very stable voltage -i.e. stable with temperature, drift, and power supply fluctuations. An optimal circuit for achieving this is a second generation current conveyor (CCII). It can be used to provide a precise bias voltage at the input (X) while receiving current using the same input terminal [17] . The output of the current conveyor can then be transmitted to a transconductance amplifier. The subsequent output voltage can then be transferred to an analog to digital converter for digital transmission and analysis. Fig. 2(a) depicts a block diagram of the developed microelectronic circuits including the designed switches in a Hbridge structure connected to the designed CCII and transimpedance amplifier (TIA). External 8 bit digital to analog converter (DAC) and 8 bit analog to digital converter (ADC) are employed to provide the required pulse width modulation (PWM) at the input and digitise the output. The CCII receives the bias voltage at the Y terminal and copies the voltage to X terminal to bias the LED. V X follows VY and the output current follows the input current (i.e. LED's reverse current) received at X. The designed TIA converts and amplifies the output current of CCII with a gain of 5×10 5 V/A.
The sensor operates in antiphase with LED light emission i.e. the first phase is light emission using forward biased LED through S1 switches while the intensity is controlled using PWM. The second phase is temperature sensing with reverse biased LED through S2 switches. The functionality of the sensor is explored by switching the LED from light emission to sensing phase inside an isolated dark box and using a continuous pulse. The generated heat after pulsing LED was collected using IR camera as surface temperature. Fig. 2(b) shows a timing diagram of light emission (PW1) and temperature sensing (PW2) phases. The layout of the designed temperature sensing system including the switches and control logic, biasing circuit, CCII and TIA are shown in Fig. 3 . Fig. 2 (a) Block diagram of the proposed temperature sensing system with light illumination phase through S1 and thermal sensing phase through S2. DAC provides the bias voltage for LED through CCII which receives the reverse current. A TIA converts and amplifies the current, (b) a timing diagram of the LED bias current in two phases. 
IV. EXPERIMENTAL RESULTS
The implemented system clamps a reverse bias voltage with a high degree of accuracy across the LED in order to differentiate between temperature variation and voltage variation. The voltage stability is within ±5% of a target bias voltage. Temperature change can be accurately determined despite variations in power supply noise. A calibration process should be performed using the current-voltage-temperatures characteristic of the utilised LEDs in reverse bias to attain the surface temperature and current dependency of LEDs. Also, different experiments are carried out to explore the relation between the junction and surface temperatures.
We have experimentally explored the temperature dependency of the reverse current in mini-LEDs. Fig. 4(a) shows the experimental setup to characterise the LEDs inside an isolated dark box which guarantees that the measured current is only due to the temperature change. The box is also temperature isolated to ensure the accuracy of the measured temperature. A hot plate is also placed under the LED to change the temperature to characterise the LED. Temperature change was captured and recorded by an IR Optris PI camera and its interface software, respectively. CREE DA2432 mini-LEDs are used to develop an exemplar probe to determine their capability of measuring temperature in systems similar to the final embodiment. Probes were developed on silicon shafts which were 4mm long, 300 m wide and 200 um thick (Fig. 4(b)-(c) ). Titanium/Gold/Titanium metal tracks were deposited at a thickness of 20/200/20 nm and patterned. The metal tracks had a width of 30 um. Top Titanium on the bond pads were later removed and the Gold surface exposed. The mini-LEDs were bonded on using silver epoxy (RS Pro Silver Vial Epoxy Conductive Adhesive) with a pick and place machine (FINEPLACER® lambda from Finetech). The LEDs had a size of 240×320 ( m) 2 and thickness of 140 m.Transparent silicone (NuSil MED-1000) was used to dip coat and encapsulate the LEDs. The encapsulated silicone had an average thickness of 50 m. Fig. 5 (a) shows the I-V characteristics of a reverse biased mini-LED at different temperatures. The reverse current dependency to voltage change is more than its dependency to temperature variations. This means the LED needs to be interrogated at a fixed reverse bias which does not deviate in time or due to noise. Fig. 5 (b) shows the absolute value of reverse current versus temperature in two different reverse bias voltages. The LED current is measured in a fixed bias voltage while the temperature is changing using hotplate. There is a good linearity between reverse current and temperature which means the reverse current can be used as TSP. Different experiments are conducted to achieve the junction temperature variation ( TJ) and surface temperature variation ( TS) of mini-LEDs connected to the sensing circuit. To explore this, two different experiments are conducted. First experiment includes the reverse biased LED on a hot-plate inside the isolated dark box. The output current is measured while temperature is increasing using the hotplate. Fig. 6 (a) shows the output current change versus TJ. In the second experiment, a long pulse is applied to the LED and the output current and TS are measured in sensing phase. Fig. 6(b) shows the output current change versus TS when a 2.5mA pulse with 3msec pulse width is applied to the LED for a few minutes to increase the surface temperature. The results clearly show a linear relationship between current and temperature. Fig. 6(c) shows the TS versus TJ derived using the conducted experiments. Fig. 6 (e) shows the sensor output voltage and current versus TS. For this experiment, a 7.5 mA pulse with 3msec pulse width is applied to the LED for a few minutes. During illumination phase, the surface temperature increases about 10 ºC and the LED reverse current and sensor output voltage change. As shown in the figure, the safe range of temperature rise is up to 2ºC as more temperature rise can cause neural damages. The specifications of the designed temperature sensing circuit are listed in Table 1 which are based on its application on optrode, the power and area requirements and body temperature range. Fig. 6 (a) -(b) measured output current change versus TJ and TS, respectively when the LED was driven using a 2.5mA pulse with 3msec pulse width (c) TS versus TJ (d) the sensor output voltage and current versus TS when the LED was driven for a few minutes using a 7.5mA pulse with 3msec pulse width.
The circuit occupies less area than similar designs as it relies on the employed LED itself as main sensing element. Furthermore, the power consumption of the proposed circuit is less than the designs reported in [12, 13] (Table 2 ). 
V. CONCLUSION
A new method of temperature sensing for micro-photonic devices in optogenetics is presented. The proposed systems is based on LED and designed in standard 0.35 m CMOS technology. The proposed system uses the reverse current of LEDs as TSP to measure the generated heat at the surface of the device. This is to prolong the lifespan of the implants as the increased heat due to LED shining can damage LED bonding and tissue which will affect the device functionality. The designed circuit consists of a second generation current conveyor to bias the LED and receive the reverse current. A high gain amplifier amplifies the signal which represents temperature variations. Different experiments are carried out to achieve the surface temperature of the device where the results show that the reverse current of the LED is a reliable temperature sensitive parameter to detect thermal variations on the LED surface. The proposed method is area efficient as eliminates the area consuming blocks which are usually used for temperature sensors in implantable systems. Also, the danger of failure due to the other devices can be decreased here.
